The phosphor SrMoO 4 :Pr 3+ was successfully prepared by high-temperature solid-state reaction process, and characterised by X-ray diffraction (XRD), scanning electron microscope (SEM), and fluorescence spectrometer. The results show that the prepared SrMoO 4 :Pr 3+ has a scheelite structure with pure phase and represents leaf-like shapes with good dispersity. The strong electron absorbabilities are located at 220-300 nm (charge transfer band), 448, 474, and 487 nm, respectively. The emission spectrum of the SrMoO 4 :Pr 3+ phosphor was characterised, which peaked at 529, 545, 554, 600, 619, and 645 nm, corresponding to the f-f transitions of Pr
Introduction
In recent years, oxide-based phosphors have attracted much attention on their potential applications in medical imaging, warning signs, field emission display, and photoluminescence devices, etc. [1, 2] . The doped oxide-based phosphors can generate much negatively charged oxygen residing in the forbidden region of the band structures and the electronegative oxygen mainly contributes to the phosphorescence behaviour. Among them, yellow oxidebased phosphors have been playing an important role in white light-emitting diodes (W-LEDs), which can emit the white light when they are encapsulated by yellow phosphors and blue LED chips, also being an important component of trichromatic phosphors [3, 4] . In addition, a large number of investigations have shown that a chemically stable scheelite molybdate system is an excellent matrix material [5] [6] [7] . Especially, SrMoO 4 belongs to the family of scheelite-type crystalline structure with a stable matrix, where molybdenum atoms are arranged in tetrahedral coordination, and has recently attracted great attention due to their advanced usage as scintillating materials and in electro-optical applications [5, 8] .
The Pr 3+ -doped SrMoO 4 bulk crystal has been grown by the Czochralski technique [9] . A new Pr 3+ -activated K x Sr 1-2x MoO 4 -based phosphor was investigated by Li et al. [10] . At the same time, Li et al. [11] found that the charge compensator R + (R = Li, Na, K) in the phosphor (Sr 0 phosphors are investigated by our group [12, 13] . These above studies have made a great progress in Pr 3+ -doped molybdate systems. However, up to the present, luminescent properties and theoretical explanations have not been studied well. Thus, in this work, the trivalent praseodymium ion-doped SrMoO 4 phosphors were prepared the high-temperature solid-state method. The crystal structure, and morphological and luminescent properties of SrMoO 4 :Pr 3+ were characterized by XRD, SEM and fluorescence spectrometer. Their concentration influence on luminescent properties of SrMoO 4 :Pr 3+ was investigated systemically. Because of the theoretical analyses of fluorescent spectra for Pr 3+ -doped phosphors are very few, and to better understand the photoluminescence properties of activated Pr 3+ centers in phosphors, a fundamental theoretical explanation of the fluorescent mechanism for Pr 3+ ion at the tetragonal (S 4 ) Sr 2+ site of the SrMoO 4 crystal has been carried out for the first time. In addition, the average CIE chromaticity coordinates of the phosphors were also calculated.
Experimental

Synthesis
A series of Sr 1-x MoO 4 :xPr 3+ (x = 0.17 mol.%, 0.19 mol.%, 0.2 mol.%, 0.21 mol.%, 0.23 mol.%) phosphors were prepared using the solidstate reaction method through stoichiometrically mixing the raw materials SrCO 3 , MoO 3 , and Pr 2 O 3 . All starting materials were analytical reagent grade and mixed homogeneously in an agate mortar and pre-annealed at 550 °C for 2 h in a furnace, then annealed at 1200 °C for 3 h, and the fine powders were obtained after grinding for 1 h and drying for 6 h at 80 °C.
Characterization
The crystal structure of Sr 1-x MoO 4 :xPr 3+ (x = 0.17 mol.%, 0.19 mol.%, 0.2 mol.%, 0.21 mol.%, 0.23 mol.%) phosphors was characterized by XRD-6000 Shimadzu X-ray diffractometer equipped with Cu Kα radiation (λ = 0.15406 nm) and with accelerating voltage of 40 kV, and tube current of 30 mA. The morphology of the sample was observed by a field emission scanning electron microscope (FE-SEM, HitachiSu-70 type). The excitation and emission spectra were analyzed with RF-5301 fluorescence spectrophotometer, using 150-W xenon lamp as an excitation energy source. The excitation wavelength ranges from 220 to 700 nm, and scanning wavelength ranges from 300 to 800 nm. All measurements were performed at room temperature. 
3+
The XRD patterns of Pr 3+ -doped SrMoO 4 samples are shown in Figure 1 . All XRD patterns of samples agree well with the standard card of pure phase of SrMoO 4 (JCPDS file no. 08-0482) and no other impurity peaks were observed. Thus, it is the scheelite-type structure with space group I4 1 /a. In addition, the relatively sharp peaks in Figure 1 indicate excellent crystallinity of the products. 
SEM Image of SrMoO 4 :Pr
3+
The morphology of the phosphor SrMoO 4 :Pr 3+ is of important because their size and shape would rather affect their luminescence and heat dissipation efficiency. The SEM images with different concentrations are so similar when they are observed. Therefore, the typical SEM image is shown in Figure 2 . From Figure 2 , it reveals that the sample (0.2 mol.% of Pr 3+ doping case) has a uniform morphology and good dispersity, whose grains have rather regular and leaf-like shapes. The particle sizes of SrMoO 4 :Pr 3+ are mainly in the range of 20-30 μm, matching well with the optimal size and shape required for the encapsulation in white LED.
Photoluminescence Properties
In Figure 3 , the excitation (EX) spectra are recorded, which monitored wavelength at 645 nm. It shows a broad EX band and three sharp peaks from 220 to 500 nm. 4 :xPr 3+ at around 500-560 and 600-645 nm, respectively. Thus, the mixed green and red emission can yield the yellow light for SrMoO 4 :Pr 3+ phosphor. As shown in Figure 3 , the EM intensity increases from 0.17 to 0.2 mol.% Pr
3+
. At the same time, the luminescence will decrease and then quench owing to the clustering of the Pr 3+ centers when Pr 3+ concentrations are higher than 0.2 mol.%. In addition, the light emitting color is one characterization of a fundamental parameter of the material properties [14, 15] . Figure 4 labels 
Crystal-Field Analysis
The total effective Hamiltonian operator for rare earth Pr 3+ ions in crystals can be described as [16] [17] [18] [19] [20] [21] [22] 0 4
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where the full Hamiltonian H full has separable contributions from H 0 (which represents the spherical part of a free ion Hamiltonian and can be omitted without lack of generality), the free-ion terms (Coulomb interaction that is characterised by F k and a set of three two-electron correlation parameters α, β and γ), spin-orbit coupling terms (which are parameterised by ζ 4f ), crystal-field interactions terms (which are parameterised by the crystal-field parameters B q k ), relativistic effects including spin-spin and spin-otherorbit interactions terms (where m k is the effective operator and M k is the Marvin integrals or radial para meters associated with m k ) and two-body effective operators (where p f is the operator and P f is the parameters) [19, [21] [22] [23] [24] . The crystal field Hamiltonian with S 4 site symmetry can be given as in the Wybourne notation [16, 17, 19, [25] [26] [27] 
where B q k parameters define the radially dependent part of the single-electron crystal-field interaction and C q k are the Racah spherical tensor operators or the many-electron spherical tensor operators for the 4f n configuration. For 4f-electron configurations, the values of k are restricted to 2, 4, and 6. The applicable value of q depends on the site symmetry of the rare-earth ion in the host lattice. For the S 4 effective site symmetry used for SrMoO 4 P 2 , and 1 S 0 ), which after splitting by crystal field give rise to 91 energy levels in total. It is necessary to emphasize that Pr 3+ is a non-Kramers ion and degeneracy of the part energy levels can be in principle removed in the crystal field of the S 4 symmetry. The crystal field splits these multiplets into Stark components. Eigenvectors obtained from diagonalisation of the full Hamiltonian are used to obtain f-f energy-level transitions. From (1) and (2) The comparisons between the calculated optical spectra and the observed values are given in Table 1 .
From Table 1 , the calculated spectral values agree well with the experimental optical spectral data of the phosphor SrMoO 4 :Pr
3+
. The relative errors of calculated and experimental energy levels of Pr 3+ at the Sr 2+ site of SrMoO 4 phosphors are not more than 0.7 %. It demonstrates that the diagonalisation method is effective in the study of the fluorescence spectrum for Pr 3+ ions in crystals. There are some very small disparities between experimental and theoretical values in Table 1 . It may be due to the following reasons: (i) The experimental spectra are often recorded in a certain range by the fluorescence spectrometer and the maximum of the fluorescent peak usually acts as the final result. (ii) The local structural distortion caused by substituting Pr 3+ for Sr 2+ is not considered in this calculation, and this should cause a slight shift in optical band positions for SrMoO 4 :Pr 3+ phosphors. Although the factors were not considered in the calculation, the calculated optical band positions of SrMoO 4 :Pr 3+ phosphors consisted of the observed values and can be regarded as reasonable. Furthermore, the standard deviation σ is used as a measure for the quality of this fit.
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In this formula, E expt and E calc are the experimental and calculated energies for the energy levels. N is the number of experimental levels and P is the number of parameters freely varied. After the calculation of the crystal-field levels, a simulated excitation or emission spectrum, the value of σ is about 32.7 cm -1 and considered to be a good fit [22, [28] [29] [30] [31] [32] . The free-ion parameters in this calculation are collected and compared with others' investigations in Table 2 . From Table 2 , one can see that the suitable freeion parameters were determined, and these parameters are valid and reasonable in this study. Furthermore, the full diagonalisation (of energy matrix) method based on the crystal-field theory can be used as a good theoretical tool to explain the fluorescent spectra of Pr 3+ ion-doped phosphors. -doped SrMoO 4 phosphor could be a promising material in the yellow region for visual display and solid-state lighting applications. In addition, the complete 91 × 91 energy matrix was established by an effective Hamiltonian operator, including the free ion and crystal field interactions. The fluorescent spectra for Pr 3+ ion at the tetragonal (S 4 ) Sr 2+ site of SrMoO 4 were studied from a diagonalisation (of energy matrix) method for the first time and the experimental optical spectral data were reasonably explained.
